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THE  EFFECTS  OF  FAST  AND  THERMAL 
NEUTRON  FLUX  AND  GAMMA 
RADIATION  ON  THE  TRANSMISSION 
CHARACTERISTICS  OF  OPTICAL  FIBERS 


1 INTRODUCTION 


Background 

A fiber  optic  link  consists  of  a light  source  whose  in- 
tensity is  modulated  by  a transmitter,  an  optical  fiber 
to  transmit  the  liglit,  and  a photodetector.  The  photo- 
detector, which  is  sensitive  to  the  optical  signal  trans- 
mitted by  the  fiber,  produces  an  electrical  signal  which 
is  proportional  to  the  output  of  the  modulated  light 
source.  Research  over  the  past  several  years*  has  indi- 
cated that  replacing  conventional  electrical  cable  used 
in  data  transmission  with  fiber  optic  links  has  several 
advantages: 

1.  Reduced  susceptibility  to  electromagnetic  inter- 
ference (EMI)  resulting  from  electromagnetic  fields  and 
pulses  (EMF  and  EMP).  Electromagnetic  interference  is 
a major  problem  in  the  design  of  nuclear  EMP-hardened 
facilities.  While  conventional  electrical  cables  are  very 
susceptible  to  EMP  and  EME.  tests  conducted  at  the 
U.  S.  Army  Construction  Engineering  Research  Lab- 
oratory (CtRlJ^  have  determined  that  higli  intensity 
EMP  and  EN^^  environments  have  no  appreciable 
effect  on  fiber  optic  links. 

2.  Electrical  isolation.  Because  optical  fibers  are 
made  of  nonconductive  glass  or  plastic,  grounding 
problems  between  the  transmitter  and  the  receiver 
are  not  possible.  Optical  fibers  also  circumvent  the 
problem  of  crosstalk  between  cables,  because  electri- 
cal current  is  not  employed  in  transmission. 

3.  Wide  bandwidth.  With  current  optical  fiber  tech- 
nology, fibers  have  a bandwidth  capability  of  100  GHz. 
This  wide  bandwidth  permits  simultaneous  transmis- 
sion of  several  thousand  signals  over  a single  fiber  using 
multiplexing  techniques.  Bandwidth  capability  of  this 
size  is  not  possible  in  conventional  metallic  conductors. 


* R.  1..  (lalljwa.  Optical  Fiber  l inks  for  Telecomniunication 
(tv  S.  •\rm>'  .Stratepk' Cominunications  Command.  1973). 

*R.  (i.  MvCormack  and  1).  C.  Sicbes,  Fiber  Optic  Commun- 
ieatinns  / ink  I’erlormance  in  FMP  anij  Intense  fight  Transient 
I nvironinents.  Inlcrim  Report  I -94/AI).\0321  26  (U.  S.  Army 
( onslruetion  I nyinecrin):  Research  Laboratory,  1976). 


4.  Reduced  size.  Optical  fiber  links  are  also  smaller 
and  weigh  less  than  conventional  electrical  cables. 

Although  these  numerous  advantages  have  caused 
increased  use  of  optical  fiber  links  in  military  systems, 
one  possible  problem  with  optical  fiber  links  is  that 
nuclear  radiation  is  known  to  create  coloration  centers 
In  optical  material,  thus  causing  an  increase  in  the  at- 
tenuation of  the  light  transmitted  througli  the  material. 3 
Radiation  can  also  generate  light  within  the  optical 
material.  Any  nuclear-radiation-induced  effect  in  the 
transmission  characteristics  of  an  optical  fiber  link  may 
prove  to  be  a limitation  in  a military  communications 
system  which  is  deployed  in  a potential  nuclear  envir- 
onment. 

Previous  research  on  the  effects  of  nuclear  radiation 
has  been  limited  to  the  effects  of  fast  neutrons,  high 
energy  electrons,  and  gamma,  X-ray,  and  alpha  radia- 
tion,4  This  study  primarily  investigated  the  effects  of 
thermal  neutron  radiation,  which  had  not  previously 
been  studied. 

Objective 

Tiliie  objective  of  this  study  was  to  augment  past  re- 
search on  the  effects  of  radiation  on  optical  fibers  by 
investigating  the  following  specifi  effects: 

1.  Possible  short-term  effects  of  thermal  neutron 
flux  on  various  commercially  available  optical  fibers. 
The  short-term  effects  to  be  investigated  were  attenua- 
tion variations  and  radiation-induced  luminescence. 
(See  the  glossary  for  definition  of  attenuation  and 
short-  and  long-term  changes.) 

2.  Possible  long-term  attenuation  changes  in  various 
commercially  available  fibers  due  to  thermal  neutron 
flux. 

3.  Possible  long-  and  short-term  effects  on  the  trans- 
mittance of  various  fibers  in  an  environment  consisting 
of  gamma  radiation,  fast  neutron  flux,  and  thermal 
neutron  flux. 


3R.  D.  .Manual,  L.  J.  Schiel,  S.  Kronenburg,  and  R.  A.  Luv, 
"Effect  of  Neutron-  and  Gamina  Radiation  on  Glass  Optical 
Waveguides,”  Applied  Optics  (September  1973);  and  J,  A,  Wall 
and  J.  f . Bryant,  Radiation  Fffects  on  Fiber  Optics.  Al CRL- 
IR-75-0I90  (Air  force  Cambridge  Researcl)  Laboratories, 
1975). 

‘’Manual  et  al;  Wall  and  Bryant;  and  P.  L.  Mattern.  L.  M. 
Watkins,  C.  D.  Skoog,  J.  R.  Brandon,  and  E.  II.  Barsis,  The 
Fffccts  of  Radiation  on  the  Absorption  and  l.umincscence  of 
Fiber  Optic  Waveguides  and  Materials  (Sandia  Laboratories, 
1974). 
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Approach 

I'liree  lepiesciiMiive  types  at'  opiieal  fibers  were 
studied:  U)  low-loss  fused  silica,  (2)  all-plastic,  and 
(d)  medium-loss  lead-silicate  with  borosilicate  cladding. 

The  study  consisted  of  two  experimetual  phases; 

( I ) determination  of  the  effects  of  thermal  neutron 
tlux  on  the  transmission  characteristics  ot  an  optical 
fiber,  and  (2)  determination  of  the  combined  effects  of 
fast  neutron  flux,  thermal  neutron  flux,  and  gamma 
radiation. 

Three  effects  may  occur  due  to  exposure  to  a ther- 
mal neutron  environment;  luminescence,  short-term 
attenuation,  and  long-term  attenuation.  Because  lum- 
inescence and  short-tenn  attenuation  cannot  be  detec- 
ted using  a simple  pre-  and  post-pulse  measurement 
technique,  they  were  monitored  by  measuring  the  trans- 
mission of  the  fibers  during  the  thermal  neutron  pulse 
( 10'2  n/cm^l.  The  amplitude  and  time  duration  of  any 
luminescence  detected  during  the  pulse  were  deter- 
mined. as  were  the  maximum  value  and  time  duration 
of  short-term  attenuation  detected.  Long-term  attenua- 
tion due  to  the  thermal  neutron  flux  was  detected  by 
measuring  the  transmission  of  the  fiber  tor  several 
minutes  after  the  thermal  neutron  pulse.  The  duration 
and  amplitude  of  the  long-term  attenuation  was  deter- 
mined from  this  measurement. 

In  the  second  phase  of  the  study,  the  fiber  was  sub- 
jected to  a 20-minute  steady-state  exposure  to  com- 
bined fast  and  thermal  neutrons  and  gamma  radiation. 
This  radiation  exposure  could  cause  two  ettects:  radia- 
tion-induced attenuation  during  the  exposure,  and  a 
long-term  attenuation  effect  after  the  exposure.  To 
determine  if  there  was  any  radiation-induced  attenua- 
tion during  the  exposure,  the  transmission  of  the  fiber 
was  measured  several  times  during  exposure.  Long-term 
attenuation  was  identified  by  measuring  the  fiber  trans- 
mission several  limes  after  exposure. 

Scope 

This  study  was  noi  intended  to  investigate  the 
mechanism  by  which  fast  or  thermal  neutron  flux  inter- 
acts with  optical  fiber  materials  to  affect  the  transmis- 
sion characteristics,  ('onscqucnily.no  attempt  was  made 
to  quantitatively  determine  the  effects  that  expected 
threat-level  nuclear  environments  would  cau.se  on  any 
optical  fiber  link. 


2 EXPERIMENTAL  PROCEDURES 


Test  Samples 

I bis  section  describes  the  three  representative  types 
of  commercially  available  optical  fibers  tested  in  this 
study. 

Plastic  Fiber 

Plastic  fibers,  which  are  inexpensive  but  have  very 
higli  attenuation,  consist  of  a polymethyl  methacrylate 
or  polystyrene  core  and  a cladding  ot  a polymer  having 
an  index  of  refraction  less  than  the  core.  The  fiber  used 
in  this  study  was  plastic  monofilament  with  a polysty- 
rene core  and  an  acrylic  plastic  cladding. 

Low-Loss  Fused  Silica  Fibers 

Fused  silica  fibers,  which  are  drawn  from  pure  fused 
silica,  have  attenuations  of  less  than  50  dB/km.  The 
fiber  used  in  this  study  consisted  of  a single  optical 
fiber  with  a polyester  elastomer  jacket.  The  core  mater- 
ial IS  pure  fused  silica  and  the  cladding  material  is  a 
higli-quality  optical  plastic.  The  maximum  attenuation 
of  this  fiber  is  20  dB/km  at  a wavelength  of  8200  A. 

Medium-Loss  Borosilicate  and  Lead-Silicate  Fibers 
These  fibers  are  drawn  from  standard  optical  glass. 
The  fiber  used  in  this  study  has  a borosilicate  cladding 
and  a lead-silicate  core.  Its  attenuation  is  400  dB/km. 

Experimental  Setup 

Figure  1 is  a schematic  of  the  basic  experimental 
setup  used  in  both  phases  of  the  study.  The  setup  con- 
sisted of  a laser  liglrt  source,  a liglrt  chopper,  a focusing 
lens.  10-m  length  of  optical  fiber  placed  in  a nuclear 
reactor  port  (thermal  or  beam),  a photomultiplier, 
three  osci''oscopes,  and  a digital  recording  oscilloscope. 
The  three  optical  fibers  along  with  each  element  of  the 
experimental  setup  are  described  below: 

Light  Source 

A 5-mW  helium-neon  laser  (wavelength  = 6328  A) 
was  used  as  the  light  source  because  its  highly  collimated 
beam  enables  simplified  coupling  into  the  fiber. 

Light  Chopper 

The  liglit  beam  was  chopped  by  a mechanical  chop- 
per. The  chopped  light  level  was  used  rather  than  a 
constant  light  level  so  that  the  liglit  amplitude  measure- 
ment would  not  be  susceptible  to  any  dc  level  change 
in  the  measurement  equipment. 
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REACTOR  PORT 

(THERMAL  OR  BEAM) 


Figure  1.  Basic  experimental  setup. 


Focusing  Lens 

A lens  was  used  to  focus  the  laser  beam  onto  the 
ends  of  fibers  which  have  very  small  diameters.  The 
lens,  faser,  and  fiber-end  holder  were  mounted  on  an 
optical  bench  to  isolate  them  from  any  mechanical  vi- 
bration. Figure  2 shows  the  illumination  setup. 

Optical  Fiber  Length 

The  optical  fibers  were  wound  around  plexiglass 
cylinders,  which  were  placed  in  one  of  the  reactor 
ports.  The  length  of  each  exposed  fiber  was  accurately 
measured  so  ihal  any  attenuation  change  could  be  re- 
lated to  fibei  length.  Figure  .t  show.s  a fiber  wound  on 
a cylinder,  and  Figure  4 shows  a fiber  entering  the 
ihcrinal  port  of  the  reactor.  (See  the  appendix  for  a 
description  of  the  reactor  ports.) 

Reactor  Parts 

The  thermal  and  beam  ports  of  the  University  of 
Illinois  TKIGA  Reactor*  were  used  in  this  study. 

*rRt(;A  (Traininn.  Rcscarcli.  Isotope  production.  General 
Atomic)  is  a trademark  of  the  Genera)  .Atomic  Division  of  tlie 
(iencra)  Dynamics  Corporation.  Die  appendix  dcscritK's  the 
University  of  Illinois  TRIGA  reactor. 


The  thermal  port  was  used  in  the  first  phase  of  the 
study  because  the  energy  of  the  neutrons  in  the  port 
is  primarily  thermal  (less  than  .025  eV).  The  total 
integrated  thermal  neutron  flux  at  the  position  of  the 
optical  fiber  in  the  thermal  column  was  10' 2 n/cm^ 
per  pulse,  for  a pulse  level  of  1000-MW  peak.  Since  a 
total  integrated  flux  level  of  10' 2 n/cm2  is  the  fiux 
level  possible  at  a distance  of  1 mile  (1 .6  km)  from  the 
explosion  of  a 1 -megaton  device,'  Ibis  fiux  level  was 
considered  acceptable  for  exposure  of  the  optical  fibers 
in  the  ternial  neutron  effects  phase  of  experimentation. 

The  beam  port  of  the  reactor  was  used  in  the  second 
phase  of  the  study.  The  optical  fiber  on  the  cylinder 
was  placed  in  the  beam  port  and  the  reactor  was  oper- 
ated at  a steady-state  power  level  of  1 .5  kW  for  20 
minutes.  During  this  period,  the  total  integrated  fast 
neutron  flux  was  4 X 10"  n/cm2.the  total  integrated 
thermal  neutron  flux  was  4 X 10' 2 n/cm2,  and  the 
gamma  radiation  dose  was  2 X 10^  roentgen;  these 
levels  were  considered  sufficient  for  the  experiment. 

®S.  Glasslonc,  The  Effects  of  Nuclear  Weapons  (United 
Stales  Atomic  I nergy  Commission,  April  1962). 
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Figure  2.  Illumination  setup.  Left  to  right;  laser,  chopper,  focusing  lens,  and  fiber-end  holder. 


Figure  3.  Optical  fiber  wound  on  cylinder. 


Photomultiplier 

A photomultiplier  was  used  as  a light  level  detector 
at  the  output  end  of  the  optical  fiber.  The  photomulti- 
plier used  was  constructed  atCERLusinga  RCA-7102 
photomultiplier  tube.  The  7102  has  a S-l  spectral  re- 
sponse having  a spectral  range  of  4500  to  I 1500  A; 


this  response  was  compatible  with  the  wave-length  of 
the  liglit  source  f6328  .A).  The  photomultiplier  was 
used  because  of  its  high  gain  capability. 

Oscilloscopes 

Three  oscilloscopes  set  at  various  time  bases  were 
used  in  the  thermal  neutron  effects  phase  of  the  study 
to  monitor  the  output  of  the  photomultiplier  during 
the  reactor  pulse.  The  oscilloscopes  were  triggered  by  a 
trigger  pulse  from  the  reactor  control  room  at  the  in- 
stant the  control  rod  was  pulled  out  of  the  reactor  to 
initiate  a pulse.  In  addition,  an  uncompensated  ion 
chamber  (Westingliouse.  Model  #WL-6937)  was  used  to 
compare  the  relative  power  levels  of  the  individual 
pulses.  The  ion  chamber's  voltage  output  is  propor- 
tional to  the  power  output  of  the  reactor. 

Only  one  oscilloscope  was  used  to  monitor  the  out- 
put of  the  photomultiplier  in  the  second  phase  of  the 
study.  Photographs  of  the  scope  trace  were  taken  several 
times  during  the  20  minutes  of  steady-state  radiation 
exposure. 

Digital  Recording  Oscilloscope 

In  order  to  permit  researchers  to  monitor  the  trans- 
mission of  light  througli  the  optical  fiber  during  and  af- 
ter the  reactor  pulse,  a Macrodyne  ERDAC  III  digital 
recording  oscilloscope  was  used  to  digitize  the  output 
of  the  photomultiplier  tube  and  record  the  digital  data 
on  magnetic  tape.  Each  time  period  monitored  was  div- 
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Figure  4.  Fiber  entering  thermal  port. 


ided  into  4096  samples,  with  the  sampling  interval 
set  according  to  the  length  of  the  time  period.  Typical 
sampling  intervals  were  from  0.2  msec  to  0.5  msec.  The 
amplitude  of  the  signal  can  be  resolved  to  one-thou- 
sandth of  the  full  scale  voltage  range.  Data  collection 
using  the  FRDAC  111  made  it  possible  to  analyze  the 
data  using  a minicomputer.  The  recording  feature  of 
the  HRDAC  111  also  provided  an  accurate  record  of  the 
test  data. 

Radiation  Dosage  Monitoring 

Determining  the  total  neutron  flux  (thermal  and  fast) 
and  gamma  radiation  dosage  that  the  fibers  were  sub- 
lected  to  was  necessary  in  both  phases  of  the  study. 
Three  types  of  radiation  detectors  were  used  to  obtain 
this  information.  Gold  foils  were  used  in  conjunction 
with  cadmium-covered  gold  foils  to  determine  the  total 
thermal  neutron  tlux  using  the  cadmium  difference 
technique.  Sulfur  pellets  were  used  in  detecting  fast 
neutrons  (neutrons  having  energies  greater  than  3 MeV). 
I alcium  tluonde  thcrmoluinincscent  dosimeters  (Tl.Ds) 
were  used  in  monitoring  the  gamma  radiation  dose.  All 
the  dete.tors  were  obtained  from  Kdgerton,  Gerine- 
^luusen.  and  (iricr.  Inc.,  who  provided  a readout  on 
the  detectors  after  exposure. 


Operational  Procedures 

Determination  of  Thermal  Neutron  Effects 

The  optical  fibers  wound  around  plexiglass  cylinders 
were  placed  in  the  thermal  port.  Gold  foil  detectors 
were  taped  at  both  ends  of  the  cylinders  to  obtain  a 
measure  of  the  average  thermal  neutron  flux  to  which 
the  fiber  was  subjected.  A sulfur  pellet  and  calcium 
fiuoride  TLD  were  placed  on  the  first  fiber  sample  to 
determine  the  fast  neutron  flux  and  gamma  radiation 
dose  present  for  a typical  irradiation  in  the  thermal 
port. 

The  light  chopper  was  „et  so  the  laser  beam  was 
modulated  into  a square  wave  with  a frequency  of  215 
Hz.  The  fiber  end  was  aligned  to  obtain  the  peak  ampli- 
tude signal  from  the  photomultiplier. 

The  three  oscilloscopes  and  digital  recording  oscillo- 
scope were  on  a .285-second  delay  after  the  trigger 
pulse  from  the  control  room.  The  delay  was  needed  to 
display  the  output  signal  of  the  photomultiplier  just 
prior  to  the  reactor  pulse.  The  oscilloscope  camera 
shutters  were  manually  opened  2 seconds  prior  to  the 
reactor  pulse  and  closed  after  the  reactor  pulse  The 
digital  recording  oscilloscope  was  operated  such  that  a 
1 -.second  interval  of  the  photomultiplier  output  was 
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digitized  and  recorded  various  times  after  tlie  reactor 
pulse.  The  samples  were  taken  for  15  minutes  after  the 
pulse  to  measure  the  time  duration  and  amplitude  of 
radiation-induced  attenuation.  The  samples  were  re- 
corded on  magnetic  tape  for  subsequent  analysis. 

Prior  to  testing  the  libers,  the  output  of  the  photo- 
multiplier (without  light  input)  was  monitored  during  a 
test  pulse  to  determine  whether  radiation  shielding  was 
needed  to  protect  the  photomultiplier  from  any  pos- 
sible e.xternal  radiation  during  the  reactor  pulse.  The 
oscilloscope  trace  of  the  output  signal  showed  that 
there  was  no  ettect  on  the  photomultiplier,  indicating 
that  no  shielding  was  needed. 

Two  of  the  three  types  of  optical  fibers  were  sub- 
jected to  seven  to  ten  reactor  pulses,  at  20- to  30-minute 
intervals.  The  medium-loss  borosilicate  fiber  was  only 
subjected  to  two  reactor  pulses;  the  fiber  was  com- 
pletely opaque  after  the  second  pulse,  making  further 
testing  impossible,  since  no  light  could  be  transmitted. 
The  reactor  w'as  pulsed  at  a power  level  around  1900 
MW;  the  actual  power  level  of  each  pulse  was  recorded 
m the  reactor  control  room. 

Determination  of  Thermai  Neutron.  Fast 
Neutron,  and  Gamma  Radiation  Fffeets 

The  optical  fibers  were  placed  in  the  beam  port  of 
the  reactor.  The  light  chopper  was  set  so  the  laser  beam 
was  modulated  into  a square  wave  with  a frequency  of 
21  5 llz.  The  end  of  the  optical  fiber  was  aligned  to  ob- 
tain the  peak  amplitude  output  signal  from  the  photo- 
multiplier. 

To  monitor  the  total  neutron  flux  (fast  and  ther- 
mal). sulfur  pellets  and  gold  foils  were  placed  on  the 
fiber  samples.  Calcium  fluoride  TLDs  were  placed  on 
the  fibers  to  measure  the  accumulated  gamma  radiation 
dose. 

The  photomultiplier's  output  during  its  radiation 
exposure  was  monitored  by  taking  both  oscilloscope 
photographs  and  digital  recording  oscilloscope  records. 
Oscilloscope  pictures  of  the  photomultiplier  output 
were  taken  at  various  times  during  and  after  the  radia- 
tion exjrosure.  The  digital  recording  oscilloscope  was 
used  to  record  0.08-second  intervals  at  various  times 
during  the  radiation  exposure. 

Two  types  of  optical  fibers  were  used  in  this  phase 
of  experimentation:  the  low-loss,  plastic-clad  pure 
silica  and  all-plastic  fibers.  The  fibers  were  subjected 
to  a 20-minute  radiation  exposure  with  the  reactor 
operating  at  a I 5-kW  steady-state  power  level. 


Attenuation  Analysis 

The  amplitude  of  the  square  wave  output  of  the 
photomultiplier  at  various  times  during  and  after  the 
radiation  exjiosure  was  measured  to  determine  the  dur- 
ation and  amplitude  of  radiation-induced  attenuation 
changes  in  the  optical  fiber.  The  following  sections  dis- 
cuss the  techniques  used  in  determining  the  amplitude 
of  the  square  wave  output  for  the  two  phases  of  the 
study  and  the  method  used  to  calculate  the  attenua- 
tion change. 

Determination  of  Thermal  Neutron  Effects 

The  square  wave  amplitude  was  measured  by  exam- 
ining the  oscilloscope  pictures  taken  during  the  reactor 
pulse  and  0.5  seconds  thereafter,  and  the  record  made 
by  the  digital  recording  oscilloscope  during  and  up  to 
15  minutes  after  the  pulse. 

Althougli  it  was  originally  planned  that  the  digital 
recording  oscilloscope  data  would  be  analyzed  by  a 
minicomputer,  the  analyzing  program  was  so  sensitive 
to  small  variations  in  data  that  the  computer  could  not 
be  used.  Instead,  measurement  of  the  square  wave  am- 
plitude was  accomplished  by  manually  examining  the 
recorded  trace,  using  the  cursor  feature  of  the  record- 
ing oscilloscope,  which  displays  the  amplitude  of  each 
recorded  data  point.  Simple  subtraction  of  the  high 
and  low  states  of  the  square  wave  will  determine  the 
amplitude.  Several  half  cycles  of  the  square  wave  were 
averaged  to  eliminate  the  effects  of  some  60-Hz  noise 
present  on  the  square  wave  output. 

Determination  of  Fast  Neutron  Flux,  Thermal 
Neutron  Flux,  and  Gamirm  Radiation  Effects 

In  this  phase  of  the  study,  the  amplitude  of  the 
square  wave  at  various  times  during  and  after  the 
irradiation  was  measured  from  oscilloscope  pictures 
and  recorded  traces  on  the  digital  recording  oscillo- 
scope. Measurement  of  the  square  wave  amplitude  using 
(he  digital  recording  oscilloscope  was  done  by  averaging 
the  high  and  low  states  of  20  square  wave  cycles  at 
various  times  during  and  after  the  radiation  exposure. 

Calculation  of  Attenuation  Change 

The  results  of  the  square  wave  amplitude  measure- 
ments were  used  to  calculate  the  attenuation  change, 
using  Eq  1 : 

V 
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where  AT  = change  in  attenuation  dB/kni 

Vj,  = square  wave  amplitude  prior  to  radiation 
exposure 

V = square  wave  amplitude  during  or  after  ra- 
diation exposure 

L = length  of  optical  fiber  exposed. 
I.uminescvmv  Analysis 

The  output  of  the  photomultiplier  was  monitored 
during  the  radiation  exposure  to  determine  the  ampli- 
tude and  time  duration  of  luminescence.  1 uminescence 
was  identified  by  a change  in  the  output  of  the  photo- 
multiplier during  both  the  off  and  on  states  of  square 
wave,  figure  5 is  an  oscilloscope  picture  of  the  photo- 
multiplier output  during  the  reactor  pulse;  the  down- 
ward change  is  due  to  luminescence. 

The  amplitude  and  time  duration  of  the  lumines- 
cence during  the  thermal  neutron  Ilux  pulse  was  mea- 
sured by  the  digital  recording  oscilloscope  and  analyzed 
by  the  minicomputer.  The  program  used  determined 
the  magnitude  of  the  downward  change  and  its  time 
duration.  The  luminescence  present  during  the  1.5-kW 
steady-state  exposure  was  too  small  for  computer 
analysis,  so  the  level  of  the  off  state  of  the  square  wave 
was  manually  determined  using  the  cursor  feature  of 
the  digital  recording  oscilloscope. 


4 test  results 

Thermal  Neutron  Effects 

Low-Loss  Fused  Silica  Fibers 

A 16.25-m  length  of  low-loss  fused  silica  liber  was 
used  in  this  phase  of  the  study.  The  length  of  the  fiber 
placed  in  the  thermal  port  of  the  reactor  was  9.57  m. 
The  fiber  was  subjected  to  ten  reactor  pulses  with  an 
average  pulse  level  of  1800  MW. 

Gold  foils  determined  that  the  total  accumulated 
thermal  neutron  flux  for  the  ten  pulses  was  8.29  X 
1012  n/cm2,  or  an  average  thermal  neutron  fiux  of 
8.29  X 1011  n/cm2  per  pulse.  A sulfur  pellet  placed 
on  the  sample  determined  that  the  total  accumulated 
fast  neutron  flux  was  1.5  X 107  n/cin2,  or  1.5  X lO** 
n/cm2  per  pulse.  The  calcium  fluoride  TLI)  detected  a 
dose  of  3800  roentgen  for  the  ten  pulses,  or  380  roent- 
gen per  pulse. 

The  low-loss  fused  silica  fiber  experienced  a radia- 
tion-induced attenuation  change  which  decayed  rapidly 
from  14  dB/km  to  6.3  dB/km  in  a period  of  1.5 
seconds  after  the  reactor  pulse.  Figure  6 is  a plot  of  the 
average  attenuation  change  for  six  thermal  neutron 
flux  pulses.  The  attenuation  change  dropped  from  6.3 
dB/km  to  0 dB/km  in  a time  duration  of  900  seconds; 
Figure  7 plots  this  decay.  Thus,  the  low-loss  fused  silica 
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Figure  5.  .Square  wave  output  of  photomultiplier  and  ion  chamber  output  during 
reactor  pulse.  Scale:  5 msec/division. 
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Figure  8.  Luminescence  in  low-loss  fused  silica  fiber 
during  reactor  pulse.  Top  trace  is  ion  cham- 
ber output,  which  is  proportional  to  the 
reactor  output;  bottom  two  traces  are  the 
top  and  bottom  of  the  chopped  square  wave. 
Scale;  50  mV/vertical  division;  100  msec/ 
horizontal  division. 


To  deleiimnc  the  [lossihle  elleci  ol  the  thermal 
neutron  llux  on  a longer  length  ol  fiber,  a l‘).H-m  length 
of  the  fiber  was  placed  in  lire  ihemial  port.  The  ampli- 
tude of  the  luminescence  measuied  during  the  pulse 
was  .17  V with  a time  duration  ol  .02  .seconds.  The  in- 
creased length  of  fiber  sub)ected  lo  the  iheimal  neutron 
radiation  allowed  more  energy  to  be  absoibed  by  the 
optical  fiber.  The  relationship  between  the  increase  in 
the  length  of  the  fiber  and  the  corresponding  increase 
in  amplitude  of  luminescence  was  not  determined  in 
this  study  ; the  phenomenon  was  only  identified. 

Medium- 1. OSS  Borosilk  atc  and 
Lead-Silicate  Fiher 

A 7.08-m  length  of  fiher  was  placed  in  the  thermal 
port  of  the  reactor.  After  one  reactor  pulse  with  a total 
integrated  thermal  neutron  flux  of  7.62  X I0>l  n 'cin-, 
the  liber  experienced  an  attenuaiion  change  greater 
than  300  dB/km.  Seventeen  hours  after  the  first  pulse, 
the  fiber  recovered  50  dB  km.  enougli  to  allow  a signal 
to  be  transmitted  through  it.  and  thus  allow  another 
pulse  test. 

After  the  second  reactor  pulse,  no  measurable  signal 
could  be  transmitted  through  the  fiber,  figure  9 shows 
an  oscilloscope  photograph  of  the  transmitted  square 
wave  waveform,  illustrating  the  sudden  attenuation 
change. 


I fiber  did  not  experience  any  permanent  attenuation 

1 change.  The  fiber  completely  recovered  within  900 

I seconds  after  each  reactor  pulse. 

, The  short-term  attenuation  change  was  determined 

to  be  due  to  the  thermal  neutron  flux.  Fast  neutron 
( flux  was  eliminated  as  a possible  cause  based  on  results 

i of  a previous  study  by  Wall  and  Bryant. 6 Their  study 

► indicated  that  the  attenuation  change  induced  by  a fast 

neutron  flux  level  equivalent  to  that  present  in  this 
study  is  several  orders  of  magnitude  smaller  than  the 
attenuation  change  measured  in  this  study. 

The  low-loss  fused  silica  fiber  did  exhibit  lumines- 
' conce  during  the  reactor  pulse.  The  average  amplitude 

of  the  luminescence  for  the  ten  reactor  pulses  was  .05 
V with  a time  duration  of  .02  seconds.  Figure  8 is  a 
scope  picture  of  the  luminescence  of  a fiber  being 
subjected  to  a total  integrated  thermal  neutron  flux  of 
HXlOlln/cm-. 


®J.  A.  Wall  and  J.  1 . Bryant.  Radiation  Effects  on  Hher 
Optics.  A1  CRI.-l  R-75-0190  (Air  I orcc  Cambridge  Research 
Laboratories,  1975). 


Figure  9.  Massive  attenuatioti  change  in  medium-loss 
borosilicate  fiber  duiiiig  first  radiation  ex- 
posure. 
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The  massive  permanent  attenuation  change  in  the 
fiber  was  probably  due  to  the  boron  in  the  optical  fiber 
material.  Boron  has  a large  cross  section  for  absorbing 
neutrons,  which  results  in  changes  in  the  optical  trans- 
mission properties  of  the  material.  This  fact  makes 
optical  fibers  containing  boron  very  susceptible  to 
neutron  radiation. 

The  fiber  also  e.xhibited  luminescence  during  the  re- 
actor pulse.  The  amplitude  of  the  luminescence  was 
measured  to  be  .03  V within  a time  duration  of  .022 
seconds.  During  the  second  exposure,  after  the  fiber 
had  recovered  slightly  from  the  first  exposure,  the  lum- 
inescence was  measured  to  be  1 mV. 

Plastic  Fiber 

A 14.97-m  length  of  plastic  monofilament  fiber  was 
used  in  the  experiment;  7.66  m of  the  fiber  were 
placed  in  the  thermal  port  of  the  reactor  and  subjected 
to  a total  integrated  thermal  neutron  flux  level  of  1 X 
1012  n/cm2  per  pulse. 

The  plastic  fiber  had  an  initial  increase  in  attenuation 
of  about  10  dB/km  just  after  the  reactor  pulse.  The 
change  in  attenuation  quickly  began  to  recover  to  0 
dB/km  within  .3  seconds  after  the  pulse.  As  the  plot  of 
the  average  attenuation  change  for  seven  reactor  pulses 
(Figure  10)  shows,  the  attenuation  change  started  to 
become  negative,  meaning  that  the  signal  from  the 
photomultiplier  increased  after  the  reactor  pulse. 

The  increase  in  the  output  signal  of  the  photomulti- 
plier continued  for  several  of  the  reactor  pulses.  Figure 
1 1 plots  the  change  in  the  pre-pulse  square  wave  ampli- 
tude following  seven  reactor  pulses.  The  net  increase  in 
the  pre-pulse  square  wave  amplitude  was  measured  to 
be  2.23  dB  for  eight  reactor  pulses. 

Four  things  could  be  causing  this  increase  in  the 
photomultiplier  output; 

1 . An  improvement  in  the  photomultiplier’s  sensi- 
tivity 

2.  An  increase  in  the  laser  beam's  output 

3.  An  improvement  in  the  alignment  of  the  laser 
beam  and  the  end  of  the  fiber 

4.  An  actual  improvement  in  the  optical  fiber’s 
transmission  properties. 

Because  the  output  signal  of  the  photomultiplier  im- 
proved over  a 2-hour  period,  the  probability  of  a com- 


ponent of  the  experimental  setup  causing  this  effect  is 
small.  An  actual  improvement  in  the  optical  fiber’s 
transmission  properties  could  be  the  reason  for  im- 
provement. Radiation  is  known  to  change  the  hardness 
of  plastic  material;  this  change  could  in  turn  change  the 
optical  transmission  properties  of  the  plastic  fiber  ma- 
terial. Further  investigation  is  needed  to  test  this 
hypothesis. 

The  plastic  fiber  also  exhibited  luminescence  during 
the  reactor  pulse.  The  average  amplitude  of  the  lumin- 
escence present  was  .245  V,  with  a time  duration  of 
.028  seconds.  The  amplitude  of  this  luminescence  was 
larger  than  that  of  the  other  two  fibers,  possibly  because 
the  plastic  fiber  did  not  have  an  outer  jacket  like  the 
other  fibers. 

Fast  Neutron  Flux,  Thermal  Neutron 
Flux,  and  Gamma  Radiation  Effects 

Plastic  Fiber 

A 13.5-m  length  of  the  plastic  fiber  was  placed  in 
the  beam  port  of  the  reactor  and  subjected  to  a 20-min- 
ute  exposure  with  accumulated  thermal  neutron  flux 
of  5 X 1012  n/cm2,  an  accumulated  fast  neutron  flux 
of  5.86  X 1011  n/cm2,  and  a gamma  radiation  dose  of 
2.5  X lO'i  roentgens. 

During  this  exposure,  the  attenuation  increased  at  a 
rate  of  1 .75  dB/km/minute.  When  the  reactor  was  shut 
down,  the  fiber  began  to  recover;  recovery  was  com- 
plete 6 minutes  after  the  power  was  shut  down.  The 
attenuation  change  then  became  negative;  20  minutes 
after  the  reactor  was  shut  down  the  attenuation  change 
was  -15  dB/km/sec.  Figure  12  is  a plot  of  the  attenua- 
tion change  versus  time. 

This  negative  attenuation  change  is  very  similar  to 
that  of  the  plastic  fiber  in  the  thermal  port.  Again,  the 
optical  transmission  properties  of  the  fiber  may  have 
been  improved  due  to  the  radiation  exposure,  but 
further  investigation  is  necessary. 

During  the  steady-state  power  level,  a luminescence 
level  of  4 mV  (approximately  2 percent  of  the  signal 
level)  was  measured  from  the  output  of  the  photo- 
multiplier. 

Low-Loss  Fused  Silica  Fiber 

A 10-79-m  length  of  the  low-loss  fused  silica  fiber 
was  also  tested;  8.29  m of  the  overall  length  were 
placed  in  the  beam  port.  The  fiber  was  subjected  to  a 
20-minute  exposure  with  an  accumulated  thermal 
neutron  flux  of  3.87  X 1012  ri/cm2,  an  accumulated 


fast  neutron  tlux  of  3.64  X 101  • n,un’.  and  a gamma 
radiation  dose  of  2.10  X 104  roentgens. 

figure  13  is  a plot  of  the  indicated  variation  in  ihe 
fiber  attenuation.  Data  points  for  this  plot  were  de- 
rived using  minicomputer  analysis  to  average  the  levels 
of  the  tops  and  bottoms  of  all  1 square  waves  recorded 
during  each  0.082-second  recording  interval.  This  tech- 
nique enabled  a reduction  in  apparent  noise  through 
long-term  averaging.  Intervals  of  recording  are  repre- 
sented by  the  timing  of  data  points  in  Figure  13. 

The  data  indicate  a slight  improvement  in  transmis- 
sion within  the  first  2 seconds,  followed  by  a 7-minute 
period  when  liglit  transmission  was  less  than  the  start- 
ing value.  During  the  first  5 minutes,  attenuation  in- 
creased 15  dB/km.  From  5 minutes  after  beginning 
exposure  to  25  minutes  after,  however,  lig/it  transmis- 
sion improved.  The  reasons  for  this  improvement  were 
not  detennined,  but  the  possible  causes  are  the  same  as 
for  the  plastic  fiber.  Since  this  fiber  has  a plastic  clad- 
ding, radiation  hardening  of  the  material  is  a possible 
cause  of  the  improvement.  Further  investigations  are 
necessary  to  analyze  these  effects. 

The  luminescence  level  during  this  exposure  was  too 
small  to  measure. 


5 CONCLUSIONS 


Thermal  Neutron  Effects 

Results  of  this  phase  of  experimentation  indicated 
that  thermal  neutron  flux  does  affect  the  transmission 
characteristics  of  the  three  fiber  types  tested.  The  spe- 
cific effects  for  each  fiber  are  given  below. 

1 . Low-loss  fused  silica  fiber.  Thermal  neutron  llux 
levels  of  I0>~  n/em~  induced  a temporary  increase  in 
attenuation  of  about  14  dB/km.  but  the  attenuation 
decayed  rapidly  to  one-half  its  value  within  1 second. 
The  fiber  fully  recovered  within  hOO  seconds  (15  min- 
utes) after  exposure  to  the  thermal  neutron  radiation. 

l uminescence  was  detected  during  the  thermal 
neutron  llux  exposure.  The  amplitude  of  the  lumines- 
cence increased  when  the  length  ol  the  fiber  exposed 
was  increased. 

2.  Medium-loss  borosilicate  and  lead-silicate  fiber. 
This  fiber  was  found  to  be  very  susceptible  to  thermal 


neutron  llux  exposure.  After  exposure  to  a total  inte- 
grated thermal  neutron  llux  level  of  10' 7 n/cm2,  the 
fiber  experienced  an  increase  in  attenuation  of  over 
300  dB/km.  The  change  in  attenuation  was  for  all 
practical  purposes  permanent.  Because  of  the  massive, 
permanent  attenuation  increase,  use  of  this  type  of 
optical  fiber  in  possible  thermal  neutron  environments 
is  not  recommended. 

The  medium-loss  borosilicate  and  lead-silicate  fiber 
also  exhibited  luminescence  during  the  thermal  neu- 
tron llux  exposure. 

3.  Plastic  fiber,  lixposure  of  this  fiber  to  a total 
integrated  thermal  neutron  flux  level  of  10'2  n/cm2 
induced  an  initial  increase  in  attenuation  of  10  dB/km. 
The  fiber  recovered  to  the  original  stale  within  0.3 
seconds.  The  liber's  transmission  characteristics  actually 
appeared  to  improve  after  exposure  to  several  reactor 
pulses,  but  the  reason  for  this  improvement  was  not  de- 
termined. 

Luminescence  was  also  present  during  the  thermal 
neutron  exposure.  The  amplitude  of  this  luminescence 
was  larger  than  the  luminescence  present  during  irradi- 
ation of  the  other  fibers,  possibly  because  the  plastic 
fiber  did  not  have  an  outer  jacket  like  the  other  fibers. 

Fast  Neutron  Flux,  Thermal  Neutron 
Flux,  and  Gamma  Radiation  Effects 

Results  of  this  phase  of  experimentation  indicated 
that  the  combined  radiation  did  affect  the  transmission 
characteristics  of  the  two  fibers  tested.  The  specific 
effects  for  each  fiber  are  given  below. 

1 . Plastic  fiber.  Subjection  of  the  plastic  fiber  to  a 
20-minute  radiation  exposure  induced  an  increase  in 
attenuation;  the  attenuation  increased  at  a rate  of  1 .75 
dB/kni/miniite  during  the  exposure.  The  fiber  began  to 
recover  after  the  reactor  was  shut  down;  within  6 
minutes,  the  liber  had  completely  recovered.  The  fiber's 
transmission  characteristics  then  appeared  to  improve. 
The  reason  for  this  improvement  was  not  identified, 
but  it  is  believed  that  it  may  be  due  to  radiation  hard- 
ening of  the  plastic  optical  material. 

During  the  combined  radiation  exposure,  a lumines- 
cence level  of  4 mV  was  measured  in  the  plastic  fiber. 

2.  U)w-loss  fused  silica  fiber.  During  the  first  5 min- 
utes of  the  20-minute  exposure  in  the  combined  radia- 
tion environment,  the  low-loss  fused  silica  fiber  exhi- 
bited an  increase  in  attenuation  of  15  dB/km.  The  fiber 
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then  began  to  recover  to  its  original  condition.  Alter 
recttvery,  the  light  transmission  characteristics  of  the 
liber  appeared  to  improve.  The  reason  lor  this  improve- 
ment was  not  identified,  but  it  is  believed  that  radia- 
tion hardening  of  the  plastic  cladding  of  the  fiber  may 
be  the  cause.  No  luminescence  could  be  measured 
during  the  e.xposure. 


APPENDIX: 

DESCRIPTION  OF  NUCLEAR  REACTOR 


The  nuclear  reactor  used  in  this  study  was  the  Illinois 
Advanced  TRIGA  Reactor  at  the  University  of  Illinois 
at  Urbana-Champaign.  Primarily  a research  reactor  de- 
signed to  furnish  neutrons  (or  ot/ier  icmi/ing  radiatiorj) 
for  experimental  purposes,  the  reactor  is  licensed  by 
the  U.  S.  Nuclear  Regulatory  Commission  to  operate  at 
steady-state  power  levels  up  to  1.5  MW,  with  pulsing 
capabilities  to  a peak  power  of  6000  MW. 

The  pulsed  type  of  operation  is  possible  because  of 
an  inherent  safety  characteristic  of  the  reactor  fuel  (a 
hydrided  uranium-zirconium  alloy),  which  has  a large 
prompt  negative  fuel  temperature  coefficient.  As  the 
fuel  temperature  increases,  the  prompt  negative  fuel 
temperature  eoeffieient  acts  as  a shutdown  mechanism. 

Following  a step  insertion  ot  positive  reactivity,  the 
reactor  power  increases  until  a fuel  temperature  is 
reached  at  which  the  loss  of  reactivity  due  to  the  nega- 
tive temperature  coefficient  will  compensate  for  the 
reactivity  inserted.  As  the  luel  temperature  continues 
to  rise  beyond  this  point,  there  is  an  increasing  loss  of 
reactivity  with  a subsequent  power  decrease.  In  other 
words,  the  power  increase  is  terminated  by  the  prompt 
negative  temperature  coefficient.  With  the  exception  of 
the  reactor  period,  which  depends  on  the  reactivity 
inserted,  the  parameters  of  a pulse  depend  on  the  feed- 
back effects  of  the  prompt  negative  temperature  coef- 
ficient. Thus,  the  time  to  peak  and  the  pulse  width 
depend  on  the  magnitude  of  the  pulse,  with  the  time 
to  peak  being  shorter  and  the  pulse  width  narrower  for 
larger  pulses. 

The  reactor  power  level  is  determined  by  several 
I control  rods  (graphite-impregnated  with  boron  carbide) 

which  contain  a poison  (boron)  to  absorb  neutrons. 
The  reactor  has  five  control  rods; 


I Three  manually  operated  control  rods.  These 
Ihree  rods  arc  manually  controlled  by  motors  located 
above  the  reactor.  They  also  contain  a fuel-moderator 
section  below  the  poison  section  to  increase  the  reac- 
tivity worih  of  the  tod  and  give  a uniform  Ilux  distri- 
bution in  the  core  when  the  rod  is  withdrawn. 

2.  Adjustable  transient  rod.  This  rod,  which  can  be  | 

operated  pneumatically  as  well  as  manually , has  a poison  ; 

section  with  an  air  follower.  The  stroke  length  of  the 

rod  can  be  adjusted  according  to  the  size  of  the  desired 
transietyt. 

3.  Fast  transient  rod.  This  control  rod  can  only  be 
operated  pneumatically.  It  has  an  air  follower  like  the 
adjustable  transient  rod,  but  it  has  a double-length 
poison  section  so  that  the  initial  acceleration  of  the  rod 
takes  place  without  a change  in  reactivity.  As  a result, 
the  actual  reactivity  insertion  occurs  at  a faster  rate 
than  that  for  the  adjustable  transient  rod. 

The  latter  two  rods  are  used  for  pulsed  operations. 

The  reactivity  insertion  of  the  adjustable  transient  rod  | 

takes  place  in  about  100  msec,  while  the  reactivity  in- 
sertion of  the  fast  transient  rod  takes  place  in  about 
50  msec.  When  both  rods  are  used,  a delay  circuit  is 
employed  so  that  the  ends  of  the  reactivity  insertions 
occur  at  the  same  time. 

To  initiate  a pulse,  the  reactor  is  brought  to  critical 
at  a low  power  (e.g.,  15  W)  using  the  manually  driven 
control  rods  with  both  transient  rods  in  the  down  posi- 
tion. When  a critical  condition  is  reached,  the  transient 
rods  are  armed  and  the  adjustable  transient  rod  cylinder 
is  placed  in  the  desired  position.  The  transient  rods  are 
then  pneumatically  withdrawn  resulting  in  a step  inser- 
tion of  positive  activity. 

The  pulse  is  monitored  by  an  uncompensated  ion 
chamber. 

Since  the  reactor  is  designed  for  experimental  pur- 
poses, a number  of  experimental  facilities  have  been 
included  in  the  design  of  the  reactor.  Of  p:""  cular 
interest  to  this  study  are  the  thermal  column  ana  the 
through  beam  port.  Figure  A1  shows  a cross  section  of 
the  reactor  at  the  beam  port  level.  The  detail  of  the  lo- 
cation of  other  beam  ports  and  other  experimental 
facilities  has  been  omitted  in  the  figure  for  simplicity. 

The  thermal  column  is  a section  of  moderator  (graph- 
ite) which  extends  from  the  outer  face  of  the  reflector. 
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Figure  A1 . Section  at  port  level  showing  location  of  thermal  column  and  through  beam  port.  SI  conver- 
sion factors:  1 ft  = 0.3048  m;  I in.  = 25.4  mm. 

■>1 


which  surrounds  the  reactor  core,  througli  the  reactor 
pool  and  concrete  shield  to  a high  density  concrete 
door,  which  is  mounted  on  tracks  and  may  be  removed. 
The  graphite  section  (4  ft  X 4 ft  X 5.5  ft  in  length 
[1.2  m X 1.2  in  X 1.7  m| ) is  surrounded  by  a welded 
aluminum  container  fabricated  from  1/2-in.  (12.7  mm) 
thick  sheets  of  aluminum  and  lined  with  1/2-in.  (12.7 
mm)  thick  boral  (boron-aluminum)  sheets  to  reduce 
capture  gammas  in  die  surrounding  concrete.  To  re- 
duce the  gamma  ray  background,  a 4-in.  (101.6  mm) 
thick  lead  shield  is  placed  within  the  graphite  approxi- 
mately 50  in.  (1.3  m)  from  the  outside  surlace  (near 
the  concrete  door)  of  the  thermal  column.  Approxi- 
mately 3 ft  (0.9  m)  from  the  outside  surface  is  a 1/4-in. 
(6.3  mm)  thick  boral  sheet  which  may  be  raised  oi 
lowered  to  control  the  slow  neutron  llux  in  the  outer 
region  of  the  graphite  section.  Nine  of  the  4-in.  X 4-in.  X 
36-in.  (101.6  mm  X 101.6  mm  X 0.9  m)  graphite 

blocks  in  the  outer  section  of  the  thermal  column  may 
be  removed  for  experimental  work.  During  this  study, 
one  of  the  graphite  blocks  was  removed,  the  boral  cur- 
tain raised,  and  the  concrete  door  closed.  The  optical 
fiber  was  situated  approximately  2 ft  (0.6  m)  from 
the  outer  surface  of  the  thermal  column. 

The  through  beam  port  extends  completely  through 
the  reactor  shield  and  the  core  reflector.  This  permits 
placement  of  a test  specimen  in  a region  adjacent  to 
the  reactor  core  to  obtain  a higlier  neutron  fiux.  In  the 
experiments  in  the  beam  port,  the  optical  fiber  was 
placed  in  a position  as  nearly  tangential  to  the  core  as 
possible. 

Beck7  provides  a more  complete  description  of  the 
Illinois  Advanced  TRIGA  Reactor. 


GLOSSARY 

attenuation:  The  loss  in  propagating  light  power  in  op- 
tical fibers  normally  expressed  per  unit  of  length  in 
decibels  as 

Attenuation  = 10  log  P]  /P2 

where  Pj  = power  propagating  at  the  reference  point 
of  in  le  re  St. 

Pj  = power  propagating  after  passing  through  a 
unit  fiber  length. 


tf,  P,  Beck  et  al.,  Satety  Analysts  Report  Jor  the  Illinois 
AJtanced  TRIGA  (University  of  Illinois,  January  1971). 


attenuation  (short  term);  That  attenuation  (increase) 
which  ( ccurs  after  subjection  of  a fiber  to  a radia- 
tion dose  but  which  lasts  less  than  1 minute. 

attenuation  (long  term):  That  attenuation  which  oc- 
curs after  subjection  of  the  fiber  to  a radiation  dose 
which  lasts  more  than  1 minute. 

cladding:  The  outer  portion  of  an  optical  fiber  having  a 
different  index  of  refraction  than  the  core. 

core;  The  center  portion  of  a step-index  optical  fiber 
having  a constant  index  of  refraction. 

EMI:  electromagnetic  interference. 

EMP:  electromagnetic  pulse. 

fast  neutrons;  Neutrons  which  have  velocities  corres- 
ponding to  a band  of  energy  levels;  this  band  is  nor- 
mally defined  as  from  10  keV  to  20  MeV.  For 
purposes  of  this  report,  however,  fast  neutrons  are 
defined  as  those  with  greater  energy  than  thermal 
neutrons. 

jacket;  The  protective  outer  sheath  (usually  a form  of 
plastic)  of  an  optical  fiber  cable.  The  jacket  has  no 
optical  function. 

thermal  neutrons:  Neutrons  which  are  in  thermal  equil- 
ibrium with  a medium  near  room  temperature 
(20°C).  The  neutrons  have  a Maxwellian  distribu- 
tion of  velocities  with  a most  probable  velocity  of 
2200  m/second  (corresponding  to  an  energy  of 
0.6253  eV). 

TED:  A thermoluminescent  dosimeter  used  to  measure 
gamma  radiation  dosage. 
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